Abstract: Sensors based on surface plasmon resonances (SPRs) have proven themselves as promising devices for molecular investigations -still there is potential to determine the geometrical parameter set for optimal sensing performance. Here we propose a comprehensive design rule for one-dimensional plasmonic grating structures. We present an analytical approach, which allows for estimation of the grating parameters for best SPR coupling efficiency for any geometry and design wavelength. On the example of sinusoidal gratings, we expand this solution and discuss numerically and experimentally, how the grating modulation depth can be refined to achieve optimal signal resolution. Finally, we propose a benchmark factor to assess the sensor performance, which can be applied to any sensing scheme utilizing resonances, allowing for comparison of different technological platforms.
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Introduction
Recently the demand for powerful sensors for biochemical, chemical and biological molecular binding processes strongly increased. Biosensors nowadays must meet increased demanding requirements in terms of selectivity, sensitivity and resolution. In general terms, biosensing describes the detection of (usually) biological analytes by application of other biological substances -e.g. enzymes, antibodies, and peptides -, which are mostly immobilized to the sensors transducer surface [1, 2] . Typical applications for biosensors include health screening, drug discovery, environmental monitoring, and food diagnostics, among many others [1] [2] [3] . Optical sensors play an important role in biosensing, due to their diverse distinct advantages, as e.g. their immunity to ambient electromagnetic fields, the potential for easy remote control, and the possibility to realize compact sensor systems on the micron-scale [1, 4, 5] . While labeled approaches apply the use of fluorescent markers, label-free schemes detect a change of a sensor's adjacent refractive index, induced by the binding events of the analyte molecules of interest to the functionalized transducer surface. To detect these usually very small index changes, a strong interaction between the probing light and the analyte is required. In general terms, strong interaction leads to high sensitivity -namely to a strong sensor response to small index perturbations -, offering the possibility to even detect low affinity molecular binding events. An amplified interaction can be achieved with optical geometries utilizing metals. If distinct coupling preconditions are fulfilled, the excitation of charge density oscillations at a (dielectric) analyte/metal interface by light, results in the formation of surface plasmons (SPs) [6] . Due to their very high field overlap with the analyte, SPs show high sensitivity to refractive index changes, which are usually assessed by interrogating angular or spectral resonance features. Various designs of surface plasmon resonance (SPR) sensors have already been realized [7] [8] [9] .
Another crucial parameter for a sensor's performance is the resolution -the ability to discriminate smallest signal changes. High resolution in optical sensor systems can be realized by a high number of "soft" measures, which involve optimization of the sensor's peripherye.g. light source, detector, and signal processing. At a first stage one will work on the optimization of the sensor transducer itself. In SPR-based systems utilizing planar metallic surfaces, this signal optimization is limited to the dielectric functions of the involved materials and the thickness of the metal film. For further optimization, additional layers and geometries need to be introduced [10] . In all approaches, to the best of our knowledge, usually the coupling efficiency of the probing light to the SPs is optimized.
One promising approach for geometrical optimization of SPR-based structures is the utilization of periodically modulated metal surfaces [11, 12] . These grating coupler based sensing schemes allow for easy fabrication and replication, even in large scale areas [12] [13] [14] . The working wavelength can be tuned continuously over a wide spectral range and narrow resonances can potentially be achieved, by adequate selection of the grating parameters and geometry.
The first observations of SPR features in the spectrum of diffracted light from these structures were made by Woods and reach back to 1902 [15] . Denoted as "diffraction anomalies", their occurrence triggered a broad discussion, with many scientists studying their origin [16, 17] . Today, plasmonic grating structures offer a broad range of applications, including biosensing as one prominent example [7] [8] [9] . Their surface modulation can appear in complex geometries, with the SPRs usually being highly dependent of the involved geometrical parameters. A variety of theoretical approaches -utilizing e.g. Rayleigh theory [11, 16] or rigorous coupling [18] -have been developed, to understand the physical mechanisms and to design SPR geometries towards various applications. One parameter turning out to play a crucial role in device design is the modulation depth, which is as well in the focus of the presented work. E.g. Baltog et al. demonstrated that the Raman efficiency in their grating structures is optimal for modulation depths around 50 nm [19] . Kitson et al. showed that the spectral position of plasmon band gaps highly depends on modulation [20] , and Balci et al. verified that the plasmon group velocity and dispersion can be influenced by tuning the grating depth [21] . All these examples imply that there is a strong need for geometrical parameter optimization to achieve the optimal device performance.
Here we present a comprehensive design rule for SPR gratings in reflection mode, with focus on biosensing. By applying an analytical approach, based on Rayleigh theory, we introduce how grating periodicity and modulation depth for optimal coupling to SPs can be determined for any given grating geometry and design wavelength. Then we experimentally verify the design rule, for the example of gratings with sinusoidal surface modulation. In this experiment we furthermore present, how the analytically found grating modulation depth can be fine-tuned to achieve optimal signal discrimination, by seeking the optimal set of the SPR spectral width and the coupling efficiency. Assisted by numerical simulations, we introduce a benchmark factor , OB γ which allows for this optimization, and which can be used to quantitatively assess the sensor performance. OB γ can principally be applied to a broad range of sensor schemes utilizing resonance shifts, e. 
Analytical method to estimate grating parameters for optimal SPR coupling efficiency
Our analysis is based on the Rayleigh hypothesis [11] . According to this hypothesis, diffracted electromagnetic fields can be constructed as Fourier sums that include the Fourier harmonics of a modulated diffractive interface in the form of Bloch vectors. This approach has been in the research focus of many authors [31,32] and was used by Tiogo et al. to derive an analytic description for the width of the SP band gap [32] .The method is primarily valid in the case of gratings with small modulation (modulation depth <10% of the period) [33], although its applicability might be extended to gratings with [11] . The specific feature of our approach is that it uses the Rayleigh hypothesis to analyze the influence of arbitrary periodic surface modulations on diffraction fields in the case of resonant excitation of surface waves [34, 35] . The sharp resonances enable to transform the infinite system of diffracted waves to a finite system for chosen resonant waves. This approach has been proved to be useful for searching for optimal resonant grating geometries and for physical interpretations of the observed resonances. Originally, this theory was developed to qualitatively understand the self-organization effects of materials melted by laser radiation [35] . Furthermore, it was used to calculate the geometric parameters of optical diffraction elements with high polarization selectivity [36] . Here, we will adapt this analytical approach to develop a design rule for SPR gratings for biosensing applications. The design goal is to find the geometrical parameters for maximum coupling of the incident light to selected SPs.
As well known, light with an electric field component perpendicular to a metallic surface relief (H-polarization) can excite SPs. ε dielectric permittivity of the grating material, cov : ε dielectric permittivity of the cover material). The normally incident plane wave is polarized perpendicular to the stripes.
Considering the grating medium exhibiting periodicity along x, the surface being infinitely expanded along y (one-dimensional grating), and the interface centered at 0, z = the periodic function ( ) f x can be developed in a Fourier series as 
with ,
The value 0 p = corresponds to the mirror specular reflection. Note that the electric field vector of the diffractive field lays in the x-plane.
SPs appear along material interfaces for which 
with the Fresnel reflection coefficient . R Φ Assuming total suppression of the mirror reflected waves, the following conditions hold:
If the geometry of the relief is known, the Fourier components of the relief have the form .
Here h is the modulation depth of the grating and p a characterizes the surface profile. Inserting these expressions into Eq. (7), the optimum parameters for the period opt d
and the relief height opt h can be calculated. Gratings with these parameters should theoretically convert the incident radiation by 100% into surface plasmons.
In practice, many grating geometries satisfy the condition ( ) (
corresponding to the case that all even harmonics of the relief Fourier series are equal to zero. Hence, assuming 
, 
Equation (10) and (11) are basic analytical solutions which can be used for a straightforward design of metallic gratings for resonant excitation of surface plasmons. They connect the most important parameters as wavelength, grating height, period, grating profile, and permittivity.
Please note that the presented theory deals with plane waves. This approach is applicable, if the lateral size of the laser beam is significantly larger than the propagation length of surface plasmons. Otherwise beam size effects have to be taken into account.
Determination of the grating parameters for optimal resolution for the example of sinusoidal gratings
The analytical approach in section 2 offers an intuitive and flexible method to estimate the period and modulation depth for a selected grating geometry and design wavelength towards optimum SP coupling efficiency. In biosensing applications the expected SPR shift upon molecular binding to the sensor transducer surface will usually be very small. Hence, to establish the feasibility to detect very low molecular concentrations and low-affinity binding events, it is crucial to optimize resolution. In this paragraph, we will show how the analytically determined solution can be refined in order to find the grating's modulation depth for optimal resolution.
We chose one-dimensional sinusoidal gratings, as they allow for efficient tuning and optimization of the spectrally well-defined resonances. Additionally, the sinusoidal pattern can easily be described in Fourier space, opening the possibility for an intuitive demonstration of the analytical solution.
The samples were fabricated by two-beam laser interference lithography (LIL) at a working wavelength of 266 nm, using a negative-tone photoresist (SX AR-N 4800/16, Allresist [37]), spun on pre-cleaned 25 x 25 mm glass slides. The pre-and postbake parameters were chosen adequately to realize a low contrast system, allowing for direct transfer of the sinusoidal interference pattern into the photoresist. The prebake was performed on a hotplate at 80°C for 2 minutes. For the postbake 70°C was applied for 2 minutes. The exposure dosage was 2 64 mJ/cm . Prebake, exposure and postbake parameters were kept constant for all samples. To achieve the various modulation depths, the dip development (developer X AR 600-54/3) was performed between 30 s (for shallowest modulation) and 40 s (for deepest modulation), followed by a nitrogen dry blow. After development a hardbake was performed at 110°C for 1 minute. The photoresist gratings were coated with 3 nm chromium by thermal evaporation, to promote silver adhesion. Subsequently, silver was thermally evaporated with a film thickness of 125 nm, to achieve full reflectivity. We realized gratings with a periodicity of 405 nm, hence the 0th order SPR appearing at ~578 nm with water as the covering medium.
The spectral interrogation of our samples was performed by using the optical characterization setup illustrated in Fig. 2 . A fiber-coupled supercontinuum source (Koheras SuperK Versa), emitting from ~490 -830 nm, was connected to a polarization controller and a polarizer, to generate TM-polarized (E-Field vector perpendicular to the grating lines) radiation. Via a beam splitter the polarized light was guided to the sample under normal incidence, having a spot diameter of ~1 mm. The sample acted as the backside of a custommade flow box, which consisted of the sample (with the grating pointing inwards) and a counter glass slide, both separated from each other by a rubber ring, defining the chamber volume. This configuration was fixed with a polymer frame. The reflected broadband light beam was focused onto the end facet of an optical fiber and coupled into a fiber-coupled USB spectrometer (Ocean Optics HR2000 + ). In the case of a sinusoidal relief, all coefficients p a in Eq. (10) To determine the influence of the grating modulation on the resonance profile we repeated the simulation procedure for gradually increasing modulation depth and derived the respective SPR full-width-half-maximum (FWHM) and coupling strength Sig σ (depth of the SPR) (both parameters highlighted exemplarily in Fig. 3(a) ), by applying Lorentzian fitting. Lorentzian fitting was as well performed on the experimental spectra. The relationship is elucidated in Fig. 4(a) and (b) , respectively. While the FWHM increases significantly with growing modulation depth, the coupling efficiency experiences a maximum at around 16 nm. The small deviation of the analytical result 13 nm opt h = from the simulated value can be accounted due to the assumption of cov ε ε >> taken for the derivation of Eq. (12) . Maximum coupling strength is usually comprehended as one major sensor design optimumin SPR sensing as well as in sensing in general -, as the strongest sensor signal is apparent here. Alternatively, to seek the optimal sensor resolution, one might optimize towards smallest resonance line width. Figure 4 implies that in the present case both optimization scenarios result in different target modulation depths: While the abovementioned case for optimal coupling would presume a modulation depth of ~16 nm, the smallest resolution would be achieved for the shallowest possible grating. In practice, this choice would not be desirable, as on the one hand, the coupling strength becomes negligibly small, and on the other hand, these grating geometries are very difficult to fabricate. Figure 4 furthermore shows, that our experimental results agree well with the numerically predicted signal behavior. In comparison to the perfectly shaped sinus accounted in the simulations, we assume that the experimentally observed in average wider FWHM and reduced coupling efficiency are a result of the roughness of the silver film (Fig. 5) , inducing additional optical losses. The average RMS (root mean square) silver film roughness was 4.3 nm, with local average maximum values of ~41nm, measured by atomic force microscope (AFM). . SEM image of the sinusoidal silver surface of a fabricated sensor transducer. The roughness of the silver is induced by the inherent nature of the thermal evaporation process, and results in additional optical losses. In the present optical characterization experiments, the roughness lead to an increased sensitivity, in comparison to a perfectly smooth sinus, as the silver surfaces exhibits caverns and cracks, which the analyte can penetrate. The average RMS roughness was measured by AFM to 4.3 nm, with local maximum roughness values of ~41 nm, As the signal resolution strongly depends on the overall resonance shape, one needs to find a suitable measure to assess its impact on the sensor performance. A steep and narrow resonance resulting in a large relative signal change for small refractive index change is required. To address this problem, we introduce an assessment factor , shows that the performance of the fabricated sensors increasingly deviates from the predicted values for decreasing modulation depth. This effect can be explained by the quality of the silver film, having a higher impact on the performance worsening on shallow gratings, as the surface roughness represents a stronger relative disturbance here. Hence, we assume that OB γ can as well be used to assess grating quality parameters, as optical losses due to surface roughness of the metal film in present case. Figure 6 (b) elucidates that the factor OB γ actually offers an intuitive possibility to assess the grating parameter configuration for optimal signal resolution. At maximum OB γ the side slopes of the investigated SPR become steepest, allowing for best signal discrimination. w This formal definition of χ implies that an optimization towards optimal coupling strength is presumed ( 1 Sig σ = ). We think it is reasonable to expand this factor by the coupling efficiency, to obtain the ability to further optimize sensors towards optimal resolution: Figure 7 shows the numerical prediction and the experimentally observed exp χ for our investigated sinusoidal SPR gratings. By sweeping the analyte refractive index in distinct steps, the sensitivity was predicted to ~418 nm / RIU (RIU: Refractive index unit). In the present investigated regime (2 -34 nm), the sensitivity showed no dependency on the modulation depth. Experimentally, the index sweep was realized by exposing the sensors to various concentration mixtures of isopropylic alcohol (IPA) in distilled water (Fig. 8) . Here, we observed a modulation-independent sensitivity averaging around ~630 nm / RIU. We assume this higher sensitivity arises from the surface roughness of our fabricated silver surfaces. Due to this roughness, the sensor surfaces substantially exhibit cracks and caverns, which can be filled by the fluidic analyte, leading to a certain penetration of the analyte into the silver film, and furthermore give rise to local field enhancement, increasing the interaction between SPR and analyte. Interestingly, the reduced signal resolution due to the silver roughness is compensated by the simultaneously occurring sensitivity increase. 
Conclusion
In conclusion, we propose a novel design rule to optimize plasmonic grating structures for refractive index sensing, with applications e.g. in biosensing. The design rule starts with an analytical approach to estimate the grating period and modulation depth for optimal coupling efficiency of the probing light to the supported surface plasmon resonances. As the gratings are described by their Fourier components, the analysis can be applied on arbitrary grating geometries. For the example of sinusoidal gratings, fabricated by laser interference lithography, we experimentally demonstrate how the surface modulation depth can be furthermore optimized, to achieve the highest possible signal discrimination. Assisted by numerical simulations, we propose an assessment factor OB γ to optimize the sensing performance. This factor takes into account coupling efficiency and FWHM of the observed surface plasmon resonances, and enables for the determination of the grating depth for their best set, to achieve global optimum signal discrimination. The application of OB γ to the investigated sinusoidal gratings shows that the achievable signal discrimination can be higher than those obtained from existing optimization scenarios, where either coupling strength or FWHM are optimized individually. The factor OB γ may be applied to a broad range of other sensing device utilizing resonance shifts, e.g. resonators based on photonic crystals or whispering gallery modes, metallic transmission gratings or fiber bragg-gratings, split rings, or even mechanical systems. Thus it can be a powerful tool for benchmarking the sensing performance of different sensor technologies.
